Phosphoinositides (PtdIns) play important roles in exocytosis and are thought to regulate secretory granule docking by co-clustering with the SNARE protein syntaxin to form a docking receptor in the plasma membrane. Here we tested this idea by high-resolution total internal reflection imaging of EGFP-labeled PtdIns markers or syntaxin-1 at secretory granule release sites in live insulin-secreting cells. In intact cells, PtdIns markers distributed evenly across the plasma membrane with no preference for granule docking sites. In contrast, syntaxin-1 was found clustered in the plasma membrane, mostly beneath docked granules. We also observed rapid accumulation of syntaxin-1 at sites where granules arrived to dock. Acute depletion of plasma membrane phosphatidylinositol (4,5) bisphosphate (PtdIns(4,5)P 2 ) by recruitment of a 5 0 -phosphatase strongly inhibited Ca
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-dependent exocytosis, but had no effect on docked granules or the distribution and clustering of syntaxin-1. Cell permeabilization by α-toxin or formaldehyde-fixation caused PtdIns marker to slowly cluster, in part near docked granules. In summary, our data indicate that PtdIns(4,5)P 2 accelerates granule priming, but challenge a role of PtdIns in secretory granule docking or clustering of syntaxin-1 at the release site.
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| INTRODUCTION
Phosphoinositides (PtdIns) are low abundance lipid components in eukaryotic cell membranes that play a critical role in signaling cascades, ion channel regulation, cytoskeleton dynamics, and membrane processes such as exo-and endocytosis. 1 The highly charged nature of PtdIns allows cytosolic proteins to be anchored at the plasma membrane, either through electrostatic interactions with polybasic stretches 2 or specialized protein domains such as PKC-homology (C2) or plextrin-homology (PH) domains. 3, 4 Cellular membranes differ in the PtdIns species they harbor, leading to dynamic and membranespecific pools of proteins that are associated with them. 5 This in turn can allow cells to separate competing signaling pathways or incompatible reactions. Even within the same cellular membrane system, local differences in PtdIns content could lead to signaling hubs or hotspots for cellular events. For example, phosphatidylinositol (4, 5) bisphosphate (PtdIns(4,5)P 2 ) forms clusters in the plasma membrane of secretory cells that range from tens of nanometers to several microns, [6] [7] [8] [9] [10] and localized PtdIns-dependent signaling has been observed during exocytosis and insulin signaling. [11] [12] [13] In model sys- total internal reflection (TIRF) and confocal imaging showed that the PtdIns(4,5)P 2 markers PH-PLC (phospholipase C) δ1-EGFP and PH-PLCδ4-EGFP, which exhibit~10-fold differences in affinity for PtdIns (4,5)P 2 , were mostly distributed evenly at the cells' footprint ( Figure 1A) . Similarly, the PtdIns(3,4,5)P 3 marker 4EGFP-GRP1 (general receptor of phosphoinositides 1) and the PtdIns(4)P marker EGFP-P4M-SidM localized to the plasma membrane without discernable structure. Slight spatial variation was likely because of imperfect evenness of the illumination, because it was also observed with EGFP that lacked a PtdIns binding domain ( Figure 1B, top) . In living cells, none of the PtdIns markers displayed a punctate distribution, as has been previously found for fixed cells or membrane sheets. 6, 10 In contrast, syntaxin-1-EGFP clearly distributed into clusters that mostly co-localized with insulin granules ( Figure 1B , bottom).
We spatially averaged many small image regions that were each centered on the location of a granule. As expected, the granule channel of these average images showed a central peak of about diffraction limited size. This was also seen for the corresponding syntaxin-1-EGFP image, indicating that the protein accumulates at the granule sites ( Figure 1C ). With exception of P4M-SidM-EGFP, all
PtdIns marker images and the EGFP control were instead slightly darker in the center, compared with the surrounding plasma membrane 
| Syntaxin-1, but not PtdIns(4,5)P 2 clusters form during docking
Syntaxin-1 clusters acutely at the docking site when a granule arrives. 26 Since clustering of syntaxin-1 at least partially depends on PtdIns, 8, 16 we tested whether PtdIns 
| Acute depletion of plasma membrane PtdIns decreases exocytosis but not syntaxin-1 clustering
To test the effects of acute PtdIns(4,5)P 2 depletion, we used a rapamycin inducible system 31 to recruit a 5-phosphatase to the plasma membrane. events, n = 14 cells used in the experiment, P < .005; Figure 3G ). We conclude that depletion of PtdIns(4,5)P 2 leads to decreased exocytosis, but does not affect granule docking or syntaxin-1 clustering.
| Permeabilization induces clustering of PtdIns
The finding that PtdIns are not clustered in live cells contrasts with earlier work indicating appreciable clustering of PtdIns(4,5)P 2 and PtdIns(3,4,5)P 3 near granules in formaldehyde fixed cells, 6 in cell-free membrane sheets 7, 10 and in model membranes. 33 We therefore tested whether the distribution of PtdIns markers would be affected by permeabilization with Staphylococcus aureus α-toxin. The toxin In separate experiments, we determined the time course of
PtdIns cluster formation by following PH-PLCδ1-EGFP fluorescence -dependence. 10 , 34 We conclude that clustering of PtdIns, or at least the PtdIns markers, can be induced by cell permeabilization. PtdIns in the plasma membrane, reminiscent of previous reports. 17, 36 It can be envisioned that such treatment relieves physiological membrane tension, and that this in turn leads to membrane ruffling and clustering of PtdIns, syntaxin-1 and other proteins. PtdIns clusters in permeabilized cells co-localized to some degree with secretory granules and syntaxin-1, which is similar to observations in membrane sheets 6 but has rarely been observed in intact cells. 13 Despite the well-known charge-dependent effect of Ca 2+ on the aggregation of PtdIns, we found that PtdIns also clustered when the cells were permeabilized in presence of the Ca 2+ -chelator ethylene glycol tetraacetic acid (EGTA). Likewise, the presence of ATP, which energizes enzymes such as NEM (N-ethylmaleimide)-sensitive factor that could dissociate SNARE proteins, had no effect on the permeabilizationinduced clustering of either PtdIns(4,5)P 2 or syntaxin-1. It is interesting in this context that the number of syntaxin-1 clusters depends on its expression level in membrane sheets but not in live cells. 9, 30, 37 We show here that acute depletion of PtdIns(4,5)P 2 in the plasma membrane strongly inhibits exocytosis, which confirms earlier reports. 13, 16, 36 However, PtdIns(4,5)P 2 depletion did not cause changes in granule docking, and the density of docked granules was unaffected. This is consistent with the established role for PtdIns(4,5) P 2 in vesicle priming, 16, 38 but questions a general role of the PtdIns in granule docking. 7, 36 The effects of PtdIns(4,5)P 2 on granule priming are likely mediated by munc13 and CAPS, which are essential for granule priming. 13, 23, 39 Both proteins contain PtdIns(4,5)P 2 -and diacyl glycerol (DAG)-binding C2 domains and PtdIns-dependent recruitment of these proteins to the plasma membrane contributes to the effect of PtdIns(4,5)P 2 on priming. 23 We note in this context that accumulation of C2 domain fragments of synaptotagmin was weak but detectable.
Granule docking depends on the SNARE protein syntaxin-1 and its binding partner munc18. In intact secretory cells, syntaxin-1 forms clusters in the plasma membrane that are often located at the site of docked granules. 30, 40 We show here and elsewhere 26, 41 that this clustering occurs rapidly when a newly arriving granule makes contact with the plasma membrane during docking, while no such clustering is observed during failed docking events. Acute depletion of PtdIns (4,5)P 2 from the plasma membrane had no effect on the clustering of syntaxin-1 in general, or of its association with docked granules. This indicates that (in intact cells) the clustering of syntaxin-1 at granules does not depend on the presence of PtdIns(4,5)P 2 , which is in stark contrast to findings in membrane sheets and artificial membranes. 7, 8, 33 One reason for this discrepancy may be the relative importance of protein-protein interactions (involving syntaxins Nterminal Habc domain) over biophysical clustering modes such as hydrophobic mismatch and charge effects. 30, 33, 37, 42 Importantly, our findings contradict models in which clusters of syntaxin-1 and PtdIns (4,5)P 2 or PtdIns(3,4,5)P 3 act as prearranged acceptor complex or "molecular beacon" during granule docking. 6,7 PtdIns(4)P was barely detectable at granules, and is likely a remnant after their budding from PtdIns(4)P-containing Golgi compartments. A role for PtdIns(4)P in docking is therefore unlikely but cannot formally be excluded.
It has been argued that overexpressed PH domains could compete for PtdIns(4,5)P 2 effector proteins and thereby compete with endogenous PtdIns sensors and exert similar effects on exocytosis as those caused by depletion of PtdIns(4,5)P 2. 43 However, a subsequent studies found only minor effects of PH domain expression on exocytosis, and no effect on granule docking. 36 Moreover, sequestration of PtdIns(4,5)P 2 by the MARCKS peptide does not affect binding of the PLCδ PH domain. 44 This suggests that cellular PtdIns(4,5)P 2 is not quantitatively bound by the expressed PH domain, or that their interaction reflects rapid binding and unbinding cycles. We would also like to point out that our failure to detect clustering of PtdIns at granules is not because of lack of sensitivity, because our method detects the excess of individual EGFP molecules at the granule site, 30 and because we ensured that the PtdIns sensors were sensitive to changes in PtdIns concentration. Moreover, clustering was not observed with covalently labeled PtdIns(4,5)P 2 .
In summary, we provide strong evidence against a role of PtdIns 
| Plasmids
PtdIns(4,5)P 2 was detected using the EGFP-and mRFP-tagged PH domains of PLCδ1 (PH-PLCδ1-EGFP or PH-PLCδ1-mRFP 47 ), or PLCδ4 (PH-PLCδ4-EGFP, which exhibits~10-fold lower affinity for PtdIns(4,5)P 2 . 48 PtdIns(3,4,5)P 3 was detected using the EGFP-tagged PH domain of the ARF protein exchange factor GRP1 (GFP-GRP1 49 ).
PtdIns (4) 
| Microscopy
Cells were imaged using a custom-built lens-type TIRF microscope based on an Axio Observer Z1 with a ×100/1.45 objective (Carl Zeiss). Excitation was from 2 DPSS lasers at 491 and 561 nm (Cobolt) passed through a cleanup filter (zet405/488/561/640x, Chroma) and controlled with an acousto-optical tunable filter (AA-Opto, France).
Excitation and emission light were separated using a beam splitter (ZT405/488/561/640rpc, Chroma). The emission light was chromatically separated onto separate areas of an electron multiplying chargecoupled device (EMCCD) camera (Roper QuantEM 512SC) using an image splitter (Optical Insights) with a cutoff at 565 nm (565dcxr, Chroma) and emission filters (ET525/50m and 600/50m, Chroma).
Scaling was 160 nm per pixel. For still images the 2 color channels were acquired sequentially, first with cells exposed to 491 nm Figure 3G ) or 1 second exposure ( Figure 2 ). In Figure 3E ,F, cells were imaged before and 60 seconds after addition of 100 nM rapamycin. The alignment of the 2 color channels was corrected as previously described. 54 Confocal microscopy was done with a Zeiss LSM780 using a 63/1.40 objective a − bg and reports local protein expression that is not related to the presence of a granule. We define ΔF = c − a, which estimates the fluorescence that is specifically localized to a granule (or in some cases a PtdIns(4,5)P 2 cluster). We then calculate ΔS = ΔF/S, which normalizes for local expression level and is proportional to the apparent affinity of the measured protein to the granule site. 30 For our object-based analysis we selected granules (usually in the red channel) that appeared diffraction-limited and round, were not located at the edge of the cell, and separated from their neighbors. Analysis of the corresponding locations in the green channel was carried out automatically using Metamorph journal functions and Excel. Candidate docking or visitor events were found manually as granules that approached the TIRF field. We define docking as granules that remain confined for 65 seconds; visitors were those granules that remained for less than 65 seconds after appearing at the plasma membrane.
Granules that were less than 1 μm from the edge of the cell were excluded. Granule density was calculated using a script that used the built-in "find maxima" function with noise level set to 1000 in ImageJ (http://rsbweb.nih.gov/ij) for spot detection. Cluster density was calculated using the above plugin with noise level set to 150. Exocytosis events were detected manually based on sudden disappearance of the granule fluorescence (first significant change, ie.,~2SD from the pre-exocytosis baseline). Unless otherwise specified, images are displayed linearly auto-scaled based on their minimum and maximum brightness.
| Statistics
Experiments were repeated with at least 3 independent preparations.
Data are presented as mean AE SEM unless otherwise stated. Statistical significance was assessed using Students t test for 2-tailed, paired or unpaired samples, as appropriate. Significant difference is indicated by asterisks (*P = .05, **P = .01, ***P = .001).
